Bacterial denitrification results in the loss of fertilizer nitrogen and greenhouse gas emissions as nitrous oxides, but ecological factors in soil influencing denitrifier communities are not well understood, impeding the potential for mitigation by land management. Communities vary in the relative abundance of the alternative dissimilatory nitrite reductase genes nirK and nirS, and the nitrous oxide reductase gene nosZ; however, the significance for nitrous oxide emissions is unclear. We assessed the influence of different long-term fertilization and cultivation treatments in a 160-year-old field experiment, comparing the potential for denitrification by soil samples with the size and diversity of their denitrifier communities. Denitrification potential was much higher in soil from an area left to develop from arable into woodland than from a farmyard manure-fertilized arable treatment, which in turn was significantly higher than inorganic nitrogen-fertilized and unfertilized arable plots. This correlated with abundance of nirK but not nirS, the least abundant of the genes tested in all soils, showing an inverse relationship with nirK. Most genetic variation was seen in nirK, where sequences resolved into separate groups according to soil treatment. We conclude that bacteria containing nirK are most probably responsible for the increased denitrification potential associated with nitrogen and organic carbon in this soil.
INTRODUCTION
Bacterial denitrification, the process by which nitrate is reduced by respiration to nitrite, nitric oxide, nitrous oxide and nitrogen gas, is a major source of nitrogen losses in fertilized soils. It results in the emission of nitrous oxide (N 2 O), an important greenhouse gas ca 300 times more radiatively effective than carbon dioxide. The ability to denitrify may be an advantage because nitrate acts as a substitute terminal electron acceptor in place of oxygen and facilitates respiration in anoxic conditions. This is especially relevant where organic carbon substrates (which act as electron donors) are abundant, nitrogen is replete and oxygen is limited. In general, activity increases with soil temperatures and water content, thus waterlogged agricultural soils containing crop and nitrogen (N) fertilizer residues provide conditions highly conducive to denitrification. Factors affecting denitrifying prokaryotes in agricultural soils have been reviewed extensively [1] .
Many groups of heterotrophic soil bacteria are known to contain genes required for denitrification, although one-third of sequenced denitrifier genomes lack the gene for nitrous oxide reductase (nosZ ) responsible for the final step that results in the release of N 2 rather than N 2 O [2] , and the relative abundance of the gene is reported to be a predictor of the ratio of the two gases emitted [3] . Indeed, denitrifiers are more numerous than any other functional groups involved in the N cycle, reported to comprise up to 5 per cent of all soil bacteria [1] . The two alternative genes for nitrite reductase, nirK and nirS, may be present in different but closely-related bacterial species, although they appear incompatible in the same individual [4] . Attempts to identify the environmental factors influencing the prevalence of nirK and nirS in different soil types and ecosystems have shown little consensus in the past, but recent reports indicate that they are linked to soil properties [5] . There are also clear differences between marine and terrestrial communities [6] . Increasing N fertilizer applications have been reported to favour nirK abundance in agricultural soils [1] , also nirK diversity increased with soil N in reclaimed wetlands [6, 7] . The cytochrome cd 1 version of nitrite reductase encoded by nirS is reported to be more common than the Cu-dependent variant encoded by nirK in cultured isolates of environmental bacteria [8] , but the preponderance of bacterial species that are as yet uncultured in soil makes the true relative abundance uncertain. Genes for dissimilatory denitrification are found in some eukaryotes and archaea, although their contribution to nitrous oxide emissions in soil is uncertain; furthermore, archaea are outnumbered by bacteria, comprising no more than 1 per cent of prokaryotic cells in soil. The genes are also present in chemoautotrophic nitrifying bacteria and archaea which obtain energy from the oxidation of ammonia to nitrite [2] , and may be an essential defence mechanism against accumulation of nitrite [9] .
While there have been many studies on the relationship between soil treatments and N 2 O emissions, and the presence and abundance of genes involved in the denitrification process [1] , only a few recent reports combine these aspects [3, 5, 7] . In this work, we investigated both in an area of arable land at Rothamsted Research, the Broadbalk Wheat Experiment, initiated in 1843 to investigate the long-term consequences of different fertilizer and manure applications, and also the withdrawal of cultivation from part of the site in 1882, leading to the development of a small area of woodland known as the 'Broadbalk Wilderness' [10] . We compared the abundance and diversity of nirK, nirS, nosZ and denitrification potentials of the soils, to test the hypotheses that levels of N and organic matter in soil arising from different fertilizer applications will impact the structure of denitrifier communities, increasing overall abundance and activity, and furthermore that the change from arable management to woodland will have a more extreme effect on these communities.
MATERIAL AND METHODS (a) Soil sampling
The soil at the Broadbalk sites is a flinty silty clay loam of the Batcombe series (Chromic Luvisol-FAO), slightly alkaline, with clay content of 19-39% and soil organic carbon values of 0.7-3.2%, depending on the different cropping history, mineral and organic fertilizer treatments [11] . The arable plots, which received no N fertilizer (N0), 144 or 288 kg N ha 21 as ammonium nitrate in spring (N144 and N288), or farmyard manure (FYM) at 35 t ha 21 (containing ca 230 kg N ha
21
) in early autumn prior to ploughing and planting, were from section 1, which was created in 1926 although these plots have been under continuous wheat cultivation and the same treatments since 1843. The woodland plot taken out of cultivation in 1882 is now maturing towards a mixed deciduous woodland covering ca 0.1 ha. Each arable plot is ca 6 m (N-S) Â 30 m (E-W), the woodland is larger: 80 m (N-S) Â 15 m (E-W), but because the experiment was set up prior to the introduction of statistics in the design of field experiments, the treatments are not replicated. To account for this, on 21 January 2005, 16 cores (6 cm diameter and 10 cm deep) were taken as eight paired samples at intervals along a W-shaped E-W transect (N-S for the wilderness): these are considered treatment replicates for denitrification potential assays. From the perimeter immediately adjacent to each of these cores, three small cores (1 cm diameter and 10 cm deep) were collected at equidistant points. These three small cores were pooled and sieved to give 16 samples from each treatment. From three of these (representing the E, central and W sections of the plot), a portion was removed to estimate oven-dried weight and the remainder frozen at 280 
. Jars were sealed and 20 ml gas samples removed after 13 h and then at 24 h intervals. When N 2 O flux from the large cores was predicted to be at a maximum based on past experience [12] , 4 days after adding KNO 3 , three large cores (corresponding to the small cores described above) were removed from each treat-
, broken up and sieved for chemical analyses, with a portion frozen for DNA extraction, PCR, denaturing gradient gel electrophoresis (DGGE) and sequence analyses (the remaining cores for each treatment provided further N 2 O flux measurements that confirmed that the peak had been reached). The N 2 O content of the gas samples was measured using an Ai93 gas chromatograph with an electron capture detector; the mineral N content of the soil samples was measured by extracting 62.5 g soil in 200 ml 2 M KCl for 2 h and analysing the extract for ammoniumand nitrate-N using a Skalar SAN PLUS System.
(c) DNA amplification for DGGE DNA was extracted from 250 mg soil samples from each of the three paired replicate soil cores per treatment (with or without added N) at estimated peak N 2 O emission, using the PowerSoil DNA isolation kit (MO BIO Laboratories, Inc.) including bead beating at 5.5 m s 21 for 30 s (FastPrep Instrument). From each of these DNA extracts, PCR was performed in duplicate (giving six DGGE profiles per treatment) to provide analytical replication, using specific primers (table 1 in the electronic supplementary material): sections of the genes for 16S rRNA, nirK, nirS and nosZ were amplified and resolved using DGGE (details in the electronic supplementary material) and their relative intensities estimated [14] . Gel profiles were analysed using Phoretix software (nonlinear dynamics); the statistical package MVSP v. 3.13d (Kovach Computing Services) provided principal component analysis (PCA) and Shannon diversity indices (H 0 ) of these data.
(d) DNA sequence analysis Sequencing effort concentrated on nirK PCR products because DGGE indicated many variants of the gene that differed between treatments, in contrast to nirS and nosZ. Bands that appeared to represent either a distinct sequence variant of nirK present in only one treatment, or a common type present in all treatments, based on their relative migration on the DGGE gels, were excised, re-amplified, cloned using StrataClone PCR cloning kit (Agilent Technologies UK Ltd) and sequenced by ABI Prism BigDye Terminator Cycle Sequencing (Applied Biosystems). To validate the methods, a small number of nirS and nosZ PCR products were also sequenced. DNA sequence information from the nirK products (submitted to GenBank as accessions HQ873874 -HQ873925), together with nirK sequences from culture-independent environmental studies and cultured bacteria in the National Centre for Biotechnology Information (NCBI) database (http://www.ncbi.nlm. nih.gov/), chosen for closest sequence similarity using the NCBI BLAST tool, were used to construct a phylogenetic tree. The corresponding sequence from a Neisseria gonorrhoeae surface protein gene with nitrite reductase activity was used as an out-group. Sequences were aligned using MUSCLE [15] , and phylogenetic analysis was performed using the maximum-likelihood program DNAML (http://evolution. gs.washington.edu/phylip.html [16] ) with 1000 bootstraps and a translation/transversion parameter of 1.0 as determined using PUZZLE [17] and the resulting tree was viewed in TREEVIEW.
(e) Quantitative real-time PCR DNA samples were extracted from each of the three replicate soil cores pre-incubation, and each PCR reaction was performed in triplicate, as described (above and table 1 in the electronic supplementary material). To generate the standard curves for estimating gene copy number in qPCR, serial dilutions were made of an aliquot of amplified product generated from DNA extracted from the soil with the relevant primer set, the gel was purified and quantified using PicoGreen dsDNA Quantification kit (Molecular Probes). This was to minimize the bias inherent in the usual approach, where one or only a few genes are used to standardize complex communities [18] . Problems arise because the degenerate primers have only partial homology to the gene variants used to generate the standard curve, and there are differences in the amplification efficiencies of the range of sequences internal to the primers in the environmentally extracted DNA samples. The qPCR assays were run on an Applied Biosystems 7900HT Fast Real-Time PCR System in a 384 well format with 10 ml final volume per well. The reaction consisted of 10 ng template DNA (quantified by PicoGreen fluorescence), 1X QuantiTect SYBR Green Master Mix (Qiagen) and primer concentrations (see table 1 in the electronic supplementary material). All DNA preparations were checked for the absence of inhibitors prior to PCR and all results were analysed using LINREGPCR program v. 11.1 [19, 20] to confirm the efficiency of amplification and the absence of inhibition.
(f) Statistical analysis The significance of differences in abundance for each gene was assessed in EXCEL using Anova, and comparisons between individual treatments made using the t-test, as appropriate.
To assess the significance of correlations in the data, a non-parametric analysis in GENSTAT v. 13 (VSN International Ltd., Hemel Hempstead, UK) was undertaken, generating a Spearman's rank correlation matrix.
RESULTS (a) Soil properties and nitrogen fluxes
The soil pH values were similar across all sites and slightly alkaline, as expected for a site overlying chalk: the N0 treatment had the highest pH and contained significantly less mineral N (p , 0.005) than the fertilized treatments, which is unsurprising as it has received no N fertilizer for more than 160 years (table 1) . However it and the other Broadbalk arable treatments receive 35-45 kg N ha 21 yr
21
, and the woodland possibly twice as much, via atmospheric deposition [12] . The mineral N in the N288 and FYM treatments was similar, significantly more than in the N144 treatment, but much less than in the woodland soil (p , 0.005). Soil organic C increased with soil N in the N0, N144 and N288 treatments, but there was proportionally more in the FYM and woodland treatments, so that the C : N ratio was higher (ca 12 : 1) in the woodland soil and slightly higher in the FYM treatment (ca 11 : 1) than in the other three (ca 10 : 1); table 1. Soil moisture at sampling showed a similar trend to organic C and was inversely related to bulk density. Nitrous oxide emissions from cores amended with KNO 3 (N þ ) were significantly elevated in the FYM and woodland soils (5-and 20-fold, respectively; p , 0.005) compared with those in the N0, N144 or N288 treatments, which were not significantly different (p . 0.1). In the unamended soils (N 2 ), the control and N144 had similar very small emissions, significantly less (p , 0.005) than the N288 and FYM soils, which exceeded them fourfold, and the woodland soil which exceeded them 10-fold (figure 1). ; figure 2 ). The ratio of nosZ to the nitrite reductase genes (nirK and nirS) indicated a similar numerical relationship in all treatments (1 : 4) except woodland where it was threefold lower (1 : 12) .
Further analysis (table 2) indicated that the total abundance of the 16S rRNA genes increased with soil organic C and N (p , 0.1) and confirmed that N 2 O emissions were significantly correlated with these parameters whether or not KNO 3 had been added (p , 0.05; ,0.001, respectively). The correlation between nirK gene abundance, soil N and C and N 2 O emissions was also highly significant (p , 0.001), but nosZ was not apparently correlated with these environmental variables. The abundance of nirK and 16S rRNA genes was significantly correlated (p , 0.05); nirS and nirK showed a significant negative correlation (p , 0.05), as did nirS and nosZ (p , 0.1). This may indicate different ecological drivers for the abundance of organisms containing these genes.
(c) Gene diversity The gene abundance results indicated that the microbial community structure varied with the different N0  N144  N144  N288  N288  FYM  FYM  wood  wood  N0  N144  N288  FYM  wood  N0  N144  N288 FYM wood treatments. However, only a few obvious differences in DGGE patterns were seen, whether the DNA had been extracted from cores prior to setting up the N 2 O emission assays or at the peak time of emission. PCA comparing 16S rRNA gene diversity at this time (after 4 days incubation) did not resolve the treatments (figure 3a), confirmed by similar Shannon diversity indices (H 0 ) and numbers of DGGE bands (indicating different phyla): the H 0 for different soils ranged from 3.7 to 3.8 and the number of DGGE bands from 62 to 66. The nirK genes grouped according to treatment for the N0, FYM and woodland soils, and separately from the two mineral N fertilized treatments, which grouped together (figure 3b). The nirS genes grouped separately only for the FYM treatment (figure 3c) and there were no clear differences in the distribution of the nosZ gene with different treatments (figure 3d). The differences between treatments accounted for by the first and second principal components were 43, 30, 25 and 40 per cent in figure 3a-d , respectively. The number of denitrification gene groups and the associated H 0 were similar for all plots, H 0 ranging from 2.9 to 3.1 for nirK and nirS and 1.4 to 1.5 for nosZ; DGGE bands in the replicates for each plot ranged from 18 to 23 for nirK and nirS (mean value 20) with six for nosZ.
(d) Sequence analysis
To further investigate the diversity of denitrifying bacteria in the different soils, bands from the nirK DGGE gels (where treatments were differentiated to the greatest extent by PCA) were excised, cloned and sequenced. They were chosen as either unique to one treatment or alternatively common across all treatments. Sequence analysis using BLAST indicated that the closest similarity of the majority was to a variety of 'unknown' nirK sequences identified by PCR from agricultural Table 2 . Spearman's rank correlation matrix of soil properties. Soil pH, bulk density, total N (NO Denitrifying bacteria in Broadbalk I. M. Clark et al. 1239
soils. However, phylogenetic analysis demonstrated that the sequences had affinity to a range of well-known denitrifying bacteria, the majority being a or b proteobacteria including Rhodopseudomonas, Bradyrhizobium and Paracoccus, and the nitrifier Nitrosomonas (figure 4). The phylogenetic tree gave no clear indication of sequences grouping according to either their origin or ubiquity, although there was a group of sequences unique to FYM-amended soil that clustered at the top of the tree, and a cluster of sequences unique to nitrate-fertilized soil at the bottom. However, the closest cultured bacteria to both groups were different isolates of Bradyrhizobium spp. Eight different DGGE bands of nirS products from the nitrate-fertilized plots were excised and identified by their closet similarity: four were very similar to the a-proteobacterium Paracoccus denitrificans PD1222 (CP000489); one was most similar to the b-proteobacterium Acidovorax ebreus TPSY (CP001392); one resembled an uncultured isolate from Swedish arable soil (AY583426) and two were similar to an uncultured isolate from Chinese agricultural soil (GQ397301). A single nosZ product identified from DGGE was also most similar to nosZ from P. denitrificans PD1222.
DISCUSSION
The observation of increased N 2 O emissions in soils containing large amounts of organic carbon (FYM and woodland) compared with those unfertilized or fertilized with mineral N has been reported previously [12] . Although overall in this study N 2 O fluxes were strongly correlated with soil N, with similar N content and basal (N 2 ) emissions for FYM and N288, the flux for the FYM plot with added KNO 3 was fivefold greater than that of the N288 plot (table 2) . This may reflect the different soil structure (FYM soil was less dense than N288 but retained more moisture), related to its greater organic C content. Similarly, the woodland soil was less dense and moister than the FYM soil, contained more organic C, and its basal (N 2 ) and N-fertilized (N þ ) N 2 O fluxes were ca 20-and fivefold higher than N288, respectively. Analysis of all factors showed that bulk density as well as soil C and N was significantly correlated with N 2 O flux, whether or not KNO 3 had been added (table 2) .
The 16S rRNA gene is multicopy. Using information on the relative abundance of different bacterial phyla in soils and information of rRNA gene copy number from the rrndb website [21] , we estimate the mean copy number in soil communities as four: this is similar to a previous estimate of an upper limit of approximately three for environmental bacteria from all sources [22] . Together with the differential amplification efficiencies arising from different primer sets and nucleotide sequences internal to the primer-binding sites, qPCR can provide only a rough estimate of the relative abundance of different genes, although these concerns do not apply when comparing the abundance of one gene in multiple samples from similar environments. The total bacterial community estimated from 16S rRNA gene abundance in the woodland soil was twofold greater than in the other plots. Woodland soils have been reported to maintain larger microbial communities than those in arable agriculture, and the soil microbial biomass in the Broadbalk woodland soil has been reported to be approximately twice that of the arable plots [23] , supporting the qPCR estimate. The Cu-dependent nitrite reductase nirK increased with soil N, with approximately twice the number of copies in the woodland compared with the N0 plot. However, in all plots, c nirK comprised around 0.05 per cent of the estimated number of 16S rRNA genes, equivalent to 0.2 per cent of bacterial cells. Soil Cu has been reported to have an impact on the abundance of bacteria-carrying nirK [24] but this does not explain the Broadbalk results, in which only the FYM treatment, with 37 mg Cu kg 21 soil, had an elevated Cu content compared with 26 -28 mg Cu kg 21 soil for all the other treatments including woodland [25, 26] .
Rather, nirK appears to be present in a relatively constant proportion of all bacteria present in each of the Rothamsted soil treatments. In contrast, the gene for the cytochrome cd 1 nitrite reductase nirS was less abundant overall than nirK and showed a different pattern of distribution and an inverse correlation: there were threefold more nirS copies in the N0 treatment compared with the woodland soil indicating that bacteria carrying nirS may be less well adapted to soils with high N than those carrying nirK. Subject to the proviso discussed earlier, the N 2 O reductase gene nosZ (less abundant than nirK but more than nirS in all soils) was present in 0.04 -0.06% of bacteria in the arable soil and less than 0.02 per cent in the woodland soil, thus is likely to be carried by 22 -29% of denitrifying bacteria containing nirK in the arable soil but less than 10 per cent in the woodland soil. This is important as nosZ ameliorates one of the most environmentally harmful consequences of denitrification by reducing N 2 O to N 2 : the relatively low proportion of denitrifying bacteria in the woodland soil containing nosZ could partly explain the larger N 2 O flux compared with the arable soils and is consistent with a recent study where soil communities were manipulated to increase the relative abundance of denitrifiers lacking nosZ [27] . The ammonia-oxidizing bacteria are known to have nitrite reductase genes and to generate N 2 O, either by denitrification or as a consequence of nitrification, but have not been shown to produce N 2 . However, our data (I.M.C. & P.R.H. 2008, unpublished) indicate that bacterial nitrifier communities in the woodland plot are relatively low compared with the arable plots. We were not able to measure N 2 evolution during this experiment and it would be interesting to investigate whether nosZ activity reduced N 2 O flux in any of the assays, for example by using K 15 NO 3 and measuring 15 N 2 emissions. The exploitation of isotopomers (compounds differentially labelled with stable isotopes including 18 O and 15 N) has made it possible to establish which microbial pathways (nitrification or denitrification) have contributed to nitrous oxide emissions from soils [28] . To obtain a full picture of denitrification, it would be necessary to combine isotopomer approaches with the analysis of mRNA (rather than DNA) to establish which genes are active.
Our results are consistent with other qPCR studies that report the dominance of nirK in forest and rice paddy soils, although different primer sets were used [29, 30] . Other studies based on the same primers that we used showed no clear differences in nirS and nirK abundance in different zones of a nutrient-poor glacier foreland [31] and a long-term fertilizer crop trial [5] . This latter experiment involved an acid brown soil (Eutric Cambisol) and the authors concluded that soil pH was one of the major influences, in contrast to our study where soil pH was greater than 7 and similar in all plots. In a farm-scale comparison of integrated and organic management, where soil clay content was around 40 per cent and pH 5.7 -7.0, nirK was slightly less abundant than nirS (using the same primers as in our study) and spatial distribution was related to denitrification potential in the field, with soil nitrate and clay implicated as driving factors, although farm management also influenced distribution [24] . This contrasts with our observations of more abundant nirK although we also found a positive correlation between nitrite reductase genes and N 2 O flux. The explanation for apparently contradictory results may, in some cases, be explained by the use of different primer sets, but a combination of soil properties (soil pH, clay, carbon and nitrogen content) and land use (organic manure or mineral fertilizer applications, tilled or uncultivated soil) appears to exert a major influence on denitrifier communities. The relative abundance of the various genes, together with their sequence diversity, indicates differences in the structure of the communities of denitrifying bacteria present in each plot. The scale of sampling in this study was insufficient to resolve 16S rRNA gene diversity between treatments, although previously we had demonstrated differences in the community structure of the FYM and N144 plots [14] . Local differences in selective pressure exerted on bacteria in the various soil treatments is likely to influence both the overall genotype (as indicated by the 16S rRNA gene) and individual genes involved in denitrification, since the latter may be subject to horizontal transfer [2] .
Comparison of denitrification and 16S rRNA gene sequences indicates that the relationship is complex and that nirK, nirS and nosZ are probably subject to different selective pressures [2, 32] , which might explain the greater genetic diversity of nirK compared with nirS in the different plots. Despite the apparent grouping of the nirK products by DGGE, sequence analysis showed only slight evidence for any distinct groups. A group of three sequences unique to FYM grouped with other sequences found in all five treatments, other soils and Bradyrhizobium spp. Another group of three sequences unique to mineral N-fertilized soil grouped separately with closest sequence similarity to different Bradyrhizobium spp., along with various soil-derived sequences from this and other studies. Not all sequences resembled Bradyrhizobium-one common sequence was most similar to the nirK from the nitrifying b-proteobacteria Nitrosomonas and Nitrosospira, but the majority were closest to a-proteobacterial groups, which is in agreement with a study of cultured denitrifying bacteria where nirK was most prevalent in a-and nirS in b-proteobacteria [32] . Given the limited sequencing effort, it is not possible to speculate on the distribution of nirS sequences from Broadbalk soils.
Overall, the analysis of the genetic diversity of denitrification genes in the different Broadbalk arable treatments does not provide evidence that distinct dominant populations have developed in response to different long-term treatments. This is in agreement with a previous investigation where there were no great differences in the distribution of 16S rRNA or two genes involved in the N-cycle, amtB (an ammonia transporter) and nifH (nitrogenase) on the N0, FYM and mineral N-fertilized plots [33] . This earlier study found high intra-plot heterogeneity, similar in magnitude to the differences between plots. High heterogeneity within plots masking differences between different treatments may have affected the results presented here. Also, the sampling effort in these studies was relatively small; future metagenomic sequence analysis may provide evidence of differences in the microbial communities resulting from the different treatments.
The woodland plot at Broadbalk is relatively small and subject to the large N deposition enhancement of the edges of woodland; the high N levels may not be typical of pristine natural woodlands [12] but provide an extreme value for comparison with the arable plots. The microbial community is likely to be derived from the same original population as the arable soils and the significant differences in the relative abundance of denitrification genes may provide some insight into the selective pressures at work, with bacteria-carrying nirK genes becoming more abundant in response to increased N. In contrast, bacteria-carrying nirS may be at an advantage in the low N soils.
Fungi are reported to contribute significantly to N 2 O emissions in some ecosystems, but are also consumers [34, 35] , and as soil N and C increase, more competition is predicted between fungal assimilation of NO 3 2 and bacterial dissimilation via denitrification, aerobic conditions favouring the former. Our N 2 O flux measurements were carried out under conditions conducive to denitrification, but were in broad agreement with field measurements [12] , the main difference being a less marked increase in fluxes from FYM and woodland soil compared with the other treatments, possibly owing in part to increased fungal assimilation of NO 3 2 under field conditions. The ratio of fungi to bacteria in the Broadbalk woodland soil (2.3 : 1) is higher than that in the arable treatments soils [36] , but the correlation of fluxes to the abundance of nirK indicates bacterial denitrification was the main source in these experiments. In the future, this could be addressed by measuring isotopomers, which can potentially discriminate between fungal and bacterial denitrification as the source of N 2 O, owing to a distinct difference in 15 N site preference [37] . In conclusion, soil physiochemical properties (bulk density, organic matter, organic C, N and C : N ratio) have an overriding influence on the potential denitrification activity resulting in increased N 2 O emissions in soils with high organic matter (FYM and woodland). However, for the first time, we show clear evidence for a relationship between nirK gene abundance, soil C and N and denitrification fluxes, and an inverse correlation between these factors and nirS. We also show evidence for a significant change in the community structure, resulting in a threefold decrease in nosZ compared with the nitrite reductase genes in soil that has developed into woodland (albeit in an unusual situation), with implications for denitrification potential and N 2 O emissions. The findings provide some guidance to inform soil management: maintaining high rates of soil N and organic C over a long period support the development of microbial communities that produce more N 2 O when conditions are conducive to denitrification, compared with soils containing less N and organic C. Importantly, there are also structural differences in denitrifier communities in soils with high N and C: they possess proportionally fewer copies of the N 2 O reductase gene nosZ, so may be less able to close the nitrogen cycle by reducing N 2 O to N 2 . This provides further impetus for avoiding excessive inputs of N, whether as fertilizer, manure or atmospheric deposition, and of organic C. Nevertheless, this must be balanced with the need for adequate soil organic matter to maintain soil structure and reduce energy use in soil management (tillage), which of themselves reduce greenhouse gas emissions.
